The paper discusses the experimental and finite element investigation into the failure mechanisms of uniply graphite-epoxy composite plates with circular holes loaded in uniaxial compression. The effect of hole size on the failure mode is established. Test specimens composed of a single layer of uniply graphite-epoxy sandwiched between two layers of transparent polyetherimide plastic were designed and produced. This unique stacking geometry enabled the investigators to carry out a nondestructive evaluation of the failure mechanisms associated with the uniply. A wide range of hole sizes was tested in order to document the dependance of failure modes to specimen geometry. The experimental work made use of real time holographic interferometry and photomicrography to study the initiation of failure in the test specimens.
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Abstract
The paper discusses the experimental and finite element investigation into the failure mechanisms of uniply graphite-epoxy composite plates with circular holes loaded in uniaxial compression. The effect of hole size on the failure mode is established. Test specimens composed of a single layer of uniply graphite-epoxy sandwiched between two layers of transparent polyetherimide plastic were designed and produced. This unique stacking geometry enabled the investigators to carry out a nondestructive evaluation of the failure mechanisms associated with the uniply. A wide range of hole sizes was tested in order to document the dependance of failure modes to specimen geometry. The experimental work made use of real time holographic interferometry and photomicrography to study the initiation of failure in the test specimens.
A Finite Element Analysis (FEA) was carried out for those specimens which exhibited in-plane failure initiated at the edge of the hole. The analysis modelled the graphite-epoxy uniply in an attempt to reproduce the results obtained experimentally.
Experimental results revealed failure initiation to occur a t the edge of the hole, in the form of fiber microbuckling/ kinking, followed by delamination, for specimens with hole sizes varying from the largest down to a cutoff hole size. Below this range, failure either initiated at the outer free edges, in the forms of cracks, or was in the form of global (total) delamination. The FEA results agreed very well with the buckled mode shapes from the experimental results, although the estimated buckling loads were larger than those obtained
Introduction
In recent years, an increasing proportion of fiber laminated composites are finding application particularly in the aerospace industry. In this field it is desirable to maximize the stiffnesslweight ratio while maintaining the necessary strength requirements in selecting a material for a particular application. The reason for this desire is that much of the structure of an aircraft is in compression, and compression carrying members are usually plates, which are thin in comparison to their inplane dimensions. The requirements of high strengthlweight and/or high stiffnesslweight ratios are seldom compatible in isotropic materials, and it is this facet of design that composites are able to exploit. In addition to the aforementioned advantage of high strengthlweight ratio is the freedom to tailor the directional dependance of stiffness in composites over 'traditional' materials like metals. These facts are demonstrated in the texts by Mallick Successful implementation of graphite-epoxy in secondary structures on commercial and military aircraft [l] has made the use of such composites in aircraft structures very attractive, but at the same time test results which have shown the compression strength of heavily loaded wing and fuselage skins to be reduced by local discontinuities such as holes [3] have warranted the need for an in-depth examination of the failure mechanisms involved with graphite-epoxy composites with cutouts under compression. The problem of identification and verification of the failure mechanisms of typical unidirectional (parallel) continous fiber plies in the presence of stress gradients generated by a circular cutout and subjected t o uniaxial compressive loading is of considerable importance because such plies are the fundamental building blocks in the construction of fibrous composite laminated plates An experimental investigation was conducted t o isolate and study the failure mechanisms associated with compressive-loaded uniply (0') graphite-epoxy square plates with a centrally located circular hole; Full details and results of that investigation are reported elsewhere [4] . For the sake of completeness some repetition here is unavoidable. The compressive behavior of the plates is discussed. The effect of hole diameter on the compressive strength and failure mode of the graphiteepoxy uniply plates is reported and quantified. The failure mechanisms for the laminates are dicussed. The sequence of events that occured in the vicinity of the hole during failure was identified and provided information into the mechanisms associated with failure. A closed-form anisotropic plate analysis formulation [5] was used to determine the stress distribution around the hole.
A Finite Element Analysis (FEA) incorporating classical lamination theory was carried out utilizing the measured material properties and geometries, in order to gain insight into the in-plane failure mechanisms evident in the experimental observations.
Previous Research
Various modes of compressive failure of the lamina have been suggested for predicting failure mechanisms in composites under compressive loading, amongst which are: fiber failure, matrix failure, fiberlmatrix debonding, and fiber splitting. In several previous articles [6-171, researchers had identified fiber bucklinglkinking as a viable mode of compressive failure in fibrous composite laminated plates. These researchers all experimentally investigated the problem of compressive failure of laminated plates that contained a circular cutout. In most cases, the plate dimensions were several times the diameter of the cutout, so that the effects of the cutout would not interfere with the load distribution details a t the edge of the plate. When the larninated plate contained 0' plies the fundamental mechanism of failure initiation was found [6, 11, 12, t o be fiber bucklinglkinking occuring close to the net section and adjacent t o the cutout. Unfortunately, no complete examination of the relationship between hole size and failure mechanism associated with composite plates under compressive loading has been carried out to this date. It was the purpose of this investigation to address this issue.
Test Specimens
Specially designed 'model' composite plates made of sandwiching a unidirectional graphite-epoxy ply between two transparent, isotropic polyetherimide (commercial name: ULTEM) thermoplastic sheets were used (see Fig. 1 ). The transparent property of this commercially available thermoplastic allowed for an in-sitv visual identification of failure initiation and propagation, effectively acting as a 'window' for observation of the compressive response of the graphite-epoxy ply without the need to deply the laminate. The graphite-epoxy tested in this investigation was a sample of commercially available, high strength, low modulus, continuous, filamentary, unidirectional tape, designation number T2C-190/F155, from Hexcel Corporation. Fiber volume fraction ( V f ) was 0.57 for the tape used in the investigation, typical of the material used in industry PI, PITypical engineering material properties for the graphite, epoxy, and the thermoplastic polymer are given in Table 1 . The micromechanics approach was used t o obtain the effective moduli of the graphiteepoxy lamina. As noted in the work of Waas [18] , there are several ways to obtain the effective moduli, depending on the level of sophistication, and inherently the level of accuracy, desired. The one chosen for this investigation was from Tsai and Hahn [19] , who proposed the self-consistent model of a concentric cylinder representative volume element for the fiber and matrix. Using the formulae derived by Tsai and Hahn, the effective moduli of the tape were calculated and compared (when possible) with the information given by the manufacturer. Good agreement was found between the two.
Surface strain gage measurements a t various locations on the specimen were recorded. From these the critical value of local (i.e. at the hole edge) strain at failure initiation was deduced using an analytical formulation [5] for the stress concentration factors at any point of the specimen, given the material properties of the specimen. This procedure was followed since the finite width of the strain gages (we used strain gages at the hole edge with dimensions ranging from 0.04 in. to 0.10 in. in width) precludes a measurement of strain at the very edge of the hole. The final stacking geometry chosen for the analytical formulation, based on experimental observations, was a 3-ply symmetric (about the middle ply) stacking sequence, where the outermost plies were the 0.1335 in. thermoplastic sheets, with the 0.008 in. graphite-epoxy tape in the middle. The stress concentration factor a t the hole determined for this geometry was 3.57. The results obtained were compared to experimental values obtained for some of the material properties for the plates (see Table 2 ), and agree favor ably well.
The laminates were cured under heat and pressure in a compression mold. All specimens were cut into flat square plates 1.68 (+/-0.005) in. x 1.68 (+/-0.005) in.
in planform, and 0.275 in. thick. The inplane dimensions of the plate specimens used in the tests described below were chosen to ensure that overall plate buckling would not be responsible for initiation of failure. Uniform, circular holes were drilled into the center of the specimens, with hole diameters ranging from 0.0078 in. to 0.332 in., remaining in a range well suited for infinite plate assumptions (i.e. $ > 5, where d is the hole diameter and w is the plate width). Prior t o testing each specimen was optically scanned for any possible failure due to machining, such as delamination or the above mentioned fiber pullout a t free edges.
The above mentioned precautions were taken to insure a specimen free of any imperfections prior to testing.
Apparatus and Tests
Test specimens were loaded in uniaxial compression using a 50,000 lbf. capacity hydraulic testing machine. The loaded ends of the specimen were clamped while the two remaining edges were free.
Real time Holographic Interferometry was the optical technique chosen to locate the initial failure point. The interferometric data from this procedure indicate the changes in the out of plane displacement component of the test specimen. These changes are the manifestations of internal damage. One of the advantages of this optical procedure is its ability t o isolate failure mechanisms that occur on the micro length scale of the material: the fiber diameter.
A load cell and electrical resistance foil strain gages were used to obtain a load time history and local surface strain values near the hole as well as in the far field. Fig. 2 shows the location of the back-t+back gages on the test specimens. The load and strain time history were recorded continuously on a computer using commercial data analysis software. Sectioning studies, using an optical microscope, of partly damaged plates provided information into the failure mechanisms.
All specimens were tested by slowly applying a compressive load, at a constant rate of 5000 lbs. of force per hour, to simulate a static loading condition. All tests were conducted a t room temperature. Thirty Seven specimens were tested, with the results of failure stresses, failure strains, and modes of failure charted against specimen hole sizes in Table 3 . Some specimens were loaded t o global failure (by "global failure" we mean the load at which the specimen lost its structural integrity and load bearing capacity completely), while others were only loaded up through the initial inception of localized failure, as viewed by the hologram and recorded by the strain gages (See Table 3 ).
Finite Element Analysis (FEA)
For the FEA, a mesh was generated (see Fig. 3 ) for use with the FEA software HKS-ABAQUS, using the SDRC-IDEAS Pre/Post processing software, for the range of hole sizes which exhibited failure initiation along the region adjacent t o the hole edge (as identified in the experimental work, see Results and Discussion). Due to the symmetry conditions for specimen loading and geometry about the y-axis (refer t o Fig. 3 ), the region of interest was reduced by one half in the finite element mesh. The mesh models the middle ply of the plate specimen only, i.e. the graphite-epoxy ply sandwiched between the two thick ULTEM outer layers, as the focus of the FEA was t o observe the in-plane failure mechanisms associated with the fibrous layer.
All dimensions of the mesh were nondimensionalized with respect t o the hole diameter to allow for quick and efficient modifications to the FEA input files for analysis of each hole size. The choice of dimensions was motivated by the experimental findings that revealed the buckling failure to die out well within the boundaries of the area meshed for the FEA. In proceeding with the FEA, we chose t o work with a rectangular mesh containing 15,000 elements (quadrilateral plane strain) and 15251 nodes, with two degrees of freedom (x,y-displacements) per node. It should be noted here that since only the mid-ply graphite-epoxy layer of the plate is under finite element investigation, a state of plane strain can be used in the finite element analysis. In the pre-buckling analysis, the homogeneous material properties, obtained from the experimental analysis, were used to determine the stresses and displacements for all the points in a plate with a hole under an uniaxial compressive loading, using plane stress assumptions as described in reference [5] . On the boundaries of the mesh, the pre-buckling displacement fields were enforced as boundary values. The analysis was split into two parts; Modes that are symmetric about the yaxis, i.e. buckled displacements that satisfy u(x)=-u(-x) and v(x)=v(-x), and antisymmetric buckling modes, i.e. u(x)=u(-X) and v(x)=-v(-x), where u and v are the displacements in the x and y directions, respectively. For the symmetric case, the following boundary values were enforced (see Fig. 3 ): edge AB, u=O , along edges BC, CD, and DA, u=up, v=vp (where the subscript p refers to the values for the displacements obtained from the pre-buckling analysis). For the antisymmetric case, the boundary conditions were the same along edges BC, CD, and DA, but along edge AB, v=O.
The FEM solver HKS-ABAQUS was used to determine the buckling load and corresponding mode for the plate. The FEM used a modified Riks method numerical analysis solver to obtain the eigenvalue (which in the analysis corresponded t o the critical load) and mode shape. The mesh used simulated the ordering and volume fraction of fiber-matrix layers as taken from specimen geometry used in the experiments. The dimensions of the rectangular mesh region in Fig. 3 are as follows: the length of the region (x-direction) is 150df, the width (y-direction) is 100df and the thickness is 29dj, which corresponds to the thickness of the midply of the plate (see Fig. 3 ), where df is the fiber diameter which in our case is 2.756604 inches.
Results and Discussion
The failure mode for the laminates was determined t o be by fiber microbuckling/kinking at the hole edge followed by delamination near the failure site, resulting in the propagation of the damage into the interior of the specimen. This failure mode persists for hole sizes beyond a critical size of 0.1040in. (hole diameter/plate width aspect ratio of 0.0619). The transparent nature of the thermoplastic sheet revealed = delamination associated with the failure initiation in several specimens which were loaded to failure by microbuckling and immediately unloaded,. This finding establishes that fiber microbuckling precedes delamination failure; such a conclusion could not be definite, merely hypothetical, with commercially used opaque graphite-epoxy laminates. For hole sizes smaller than 0.1040 in. the failure site shifts away from the hole edge and begins a t the free lateral edge, or, as in most cases for this hole size range, failure occurs globally (delamination of the thermoplastic/ply interface throughout the specimen) without any microbuckling.
Optical scanning of damaged sections for those specimens that failed by microbuckling revealed three dimensional buckle patterns (see Fig. 4 . Note Specimen "D" refers to specimen 37 in Table 3 ). In effect, the rnicrobuckling process resulted in the 0' fibers undergoing large rotations both inplane (xy) and out of plane (xz). Of the several samples with the same hole size that had failure initiated a t the hole edge, at least one sample was examined. The procedure for sectioning the specimens was t o observe out of plane failure a t a distance of 2.0 (+/-0.05) mm from the edge of the hole, and to observe inplane failure a t the hole edge. The results of the sectioning study are tabulated in Table 4 , including half buckle wavelength and band numbers (number of microbuckle/kink bands) for both inplane and out of plane failure. The significant point t o note here was that the inplane buckle wavelength satisfied >> 10, while for out of plane buckling 2 < 10, where A is the buckle half wavelength and df is the fiber diameter. A plot of buckle half-wavelength for inplane and out of plane buckling, where failure initiated at the hole edge, are given in Fig. 5 , where the nondimensionalized parameter $ is plotted against the hole aspect ratio $ for both cases. Note that for the out of plane case , the buckled half wavelength used is for the kink pattern which was common in all failures (see, for example, the out of plane kink pattern for the specimen in Fig. 4) . From Fig. 5 we see that the inplane buckle wavelength shows a continuous dependance on the hole size to plate width aspect ratio, $. However, the out of plane buckle wavelength is constant for hole diameters satisfying values of 5 in excess of 0.1. Furthermore, from Table 4 we see that the number of buckledlkinked wave bands is constant (one) for inplane buckling, but increases from unity to multiple values, as the hole size decreases, for out of plane buckling.
The results obtained establish that when laminates containing 0' plies are loaded in compression, the fibers undergo buckling with a long wavelength inplane mode and a short wavelength out of plane (through the thickness) mode. Furthermore, in the presence of a circular cutout, the failure mode is dictated by the ratio $. If d w is beyond a certain limiting value (0.062), the fiber microbuckling/kinking is initiated at the hole edge. If the ratio is smaller than the limiting value, the failure shifts away from the hole edge and in most cases leads to global, instead of micro, buckling. Post failure inspection of the latter case failures, i.e. failure initiation away from the hole edge, showed complete tearing of fibers all along the midline of the specimens, indicating the possibility that failure may be due to through the thickness large stresses.
The critical strain values for all specimens were recorded (from strain gage measurements) and corresponding hole edge strain values were calculated (See Table 3 ) and are plotted vs. hole aspect ratio (hole diameteriplate width) in Fig. 6 . One must take care in interpreting the data from Fig. 6 for failure strains of the specimens, especially for the small hole size specimens, as several of those specimens developed failure initiation at a free edge and were immediately unloaded, prior to complete specimen failure (see Table 2 ). Thus, strain values for very small hole size specimens may appear to be very low (see, for example, specimens 3 and 4 in Table 2 ) when compared t o neighboring hole size specimens, but the modes of failure were entirely different. A similar plot is provided from specimens that fell in a range above the ratio $ < 0.062 in Fig. 7 . The failure strains at the hole edge of the plate for specimens which exhibited failure initiation at the hole edge range from 13000 to 27000 pstrain, and there is indication of a downward sloping trend for failure strain to hole size, i.e. the failure strain decreases for increasing hole diameter. The far field stress values corresponding t o failure were computed simply as the failure load (the load at which strain gage readings indicate a drop in value) on the specimen (monitored through the load cell, see Fig. 3 ) divided by the specimen cross sectional area in contact with the loading apparatus. Not unlike the plots for failure strains, the far field failure stress decreases as the hole diameter grows larger [4] .
The finite element model has been used to obtain buckling loads and modes for four hole sizes (see Table  5 ). As noted earlier, all four cases fall into the range of experimental results which indicated fiber failure adjacent to the hole as initiation of failure in the plate. The two extremes of the range were tested (for hole diameter to plate width aspect ratios of 0.06 (smallest) and 0.20 (largest)) along with a two intermediate hole aspect ratio of 0.09 and 0.12. Representative results for the symmetric and antisymmetric modes are shown in Figures 8 and 9 , respectively, for the intermediate hole aspect ratio of 0.12. The results indicate that the buckling mode shape is symmetric, portraying a sinusoidal wave pattern with a decaying amplitude. Maximum amplitude is at the origin of the mesh, the region of highest instability directly adjacent t o the hole, with a rapid decay along both axes as one moves away from the edge of the hole top (compare to the experimental results in Fig. 4 ). The buckling load exhibits an inverse relationship to the hole aspect ratio, as was recorded in the experimental results. Furthermore, the buckling loads and wavelengths show a downward sloping trend with an increase in the hole size, again correlating with experimental data (see Table 5 ). As can be seen in the same table, the buckled wavelengths from the FEA agree extremely well with experimental results. The FEA gave buckling loads which were higher (by a factor of 2) than the experimental results. A probable explanation for this sterns from the assumption of a perfect system in the FEA, i.e. no fiber breaks, no fiber misalignments, ... etc., which experimentally is not possible, thereby overstiffening the structure. Microscopic examinations of the plate midplies revealed an average fiber length range of approximately 50 to 100 d f , with a gap range of 2 to 10 df in between fibers.
Concluding Remarks
The focus of this experimental investigation was to identify, verify and quantify the failure mechanisms involved in the compressive loading of model graphiteepoxy composite plates containing 0' plies in the presence of stress gradients generated by circular cutouts. Special unidirectional continous fiber plies were designed and tested with varying hole sizes in the center of the plates. It was determined that the type of compressive failure was a function of the hole size. For large hole sizes, where the aspect ratio of hole diameter to plate width $ exceeds 0.062, the dominant failure mechanism was fiber buckling/kinking initiated at the hole and traversing into the plate perpendicular to the direction of loading. In previous similar investigations, the opacity of the graphite-epoxy plates used impaired the determination of the specific failure initiation mechanism; microbuckling followed by delamination, or vice-versa. In the present study, use of the transparent thermoplastic sheets have clearly established that fiber microbuckling /kinking a t the hole edge precedes delamination for this hole size range. For small hole sizes, $ < 0.062, failure initiated away from the hole edge or complete global failure occured. Critical buckle wavelengths at failure have been presented as a function of normalized hole diameter. The experiments reported have identified the parameters which influence the compressive strength of 0' plies in laminated composite plates.
A Finite Element Analysis was carried out on the plates used in the experimental work, using the hole aspect ratio parameter t o analyze the buckling loads and mode shapes. Results indicate very good agreement between experimental and computational efforts. (Esperil~~c~lt) G000-7000 3500-GS00 5000-GO00 3000-5000
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